Nanoscale control over the second-order photon correlation function g (2) (τ ) is critical to emerging research in nonlinear nanophotonics and integrated quantum information science. Here we report on quasiparticle control of photon bunching with g (2) (0) > 45 in the cathodoluminescence of nanodiamond nitrogen vacancy (NV 0 ) centers excited by a converged electron beam in an aberrationcorrected scanning transmission electron microscope. Plasmon-mediated NV 0 cathodoluminescence exhibits a 16-fold increase in luminescence intensity correlated with a three fold reduction in photon bunching compared with that of uncoupled NV 0 centers. This effect is ascribed to the excitation of single temporally uncorrelated NV 0 centers by single surface plasmon polaritons. Spectrally resolved Hanbury Brown-Twiss interferometry is employed to demonstrate that the bunching is mediated by the NV 0 phonon sidebands, while no observable bunching is detected at the zero-phonon line. The data are consistent with fast phonon-mediated recombination dynamics, a conclusion substantiated by agreement between Bayesian regression and Monte Carlo models of superthermal NV The efficiency of second-order nonlinearities scales proportionally with g (2) (0), the second-order photon correlation function at zero delay of the driving optical field [1, 2] . Nanoscale superthermal light sources exhibiting photon bunching with g (2) (0) > 2 thus provide a path toward high-efficiency nonlinear nanophotonics. Moreover, control of g (2) (τ ) is increasingly critical for quantum nanophotonics applications [3, 4] . However, despite increasing evidence of coherent quantum behavior in nanoplasmonic systems [5, 6] , experimental plasmonic control of g (2) (τ ) has been realized only in Purcell enhancement of the anti-bunching dynamics of plasmoncoupled emitters [7] .
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Compared with photoluminescence (PL) spectroscopy, cathodoluminescence (CL) yields vastly improved spatial resolution in measurements of g (2) (τ ). This fact was leveraged in the first explorations of CL photon statistics, in which photon antibunching was observed from individual NV 0 centers in nanodiamonds and from point defects in hexagonal boron nitride excited by an 80-keV electron beam [8] [9] [10] . More critically, photon bunching has been observed in the CL of ensembles of quantum emitters * Matthew.Feldman@vanderbilt.edu † lawriebj@ornl.gov whose PL exhibits g (2) (τ ) ≈ 1 because of the absence of temporal correlations between optically excited emitters. In contrast to PL, the scanning transmission electron microscope (STEM) primarily excites higher-energy modes, such as the 30-eV bulk plasmon in diamond [11] . The subsequent cascading excitation of multiple excitons and color centers for each plasmon, within an ∼ 10 fs excitation window, explains recent observations of photon bunching of g (2) (0) − 1 > 4 in CL spectroscopy of ensembles of NV 0 centers in nanodiamond [12, 13] . However, understanding the classical and quantum optical properties of CL generated by semiconducting nanostructures driven by high-energy electron beams requires differentiation between distinct transition pathways for electronand phonon-mediated luminescence.
In this Rapid Communication, we report observations of room-temperature photon bunching in nanodiamond CL an order of magnitude greater than previously seen at low temperature and more than two orders of magnitude greater than previously seen at equivalent electronbeam currents. We demonstrate that the bunching is not associated with the NV 0 zero-phonon line-where we record g (2) (τ ) − 1 ≈ 0-but rather with the phonon sideband. We develop a Monte Carlo model in order to identify the principal physical variables that drive the observed bunching, and compare that model to a Bayesian regression analysis of the measured CL. We also explore photon bunching for ensembles of nanodiamonds evanescently coupled to surface plasmon polaritons (SPPs) supported on a single-crystal Ag nanoplate, recording a 16-fold increase in CL intensity with a concomitant three fold reduction in photon bunching.
Our model suggests that phonon-mediated photon bunching can be attributed to faster recombination dynamics in the phonon sideband compared to bare NV 0 optical transitions; conversely, reduced photon bunching combined with enhanced CL intensity in the plasmoncoupled composite is consistent with near-resonant SPP excitation of temporally uncorrelated diamond emitters, rather than Purcell-enhanced recombination dynamics. Taken together, these results point to the possibility of controlling g (2) (τ ) across the visible spectrum with nanoscale spatial resolution by leveraging quasiparticle interactions with the emitters.
Nanodiamonds 120 nm in diameter containing ∼ 1200 NV 0 centers per particle were dropcast onto a singlecrystal silver nanoplate roughly 100 nm thick and 100 µm wide and loaded into an abberation-corrected VG601 STEM. The STEM, illustrated schematically in Fig. 1 , was operated at room temperature with an electron energy of 60-keV. Cathodoluminescence spectra were acquired in an Acton SP2500 spectrometer.
The second-order correlation function g (2) (τ ) is a normalized measure of photon fluctuations [14, 15] that quantifies the correlation between photons detected at time t + τ and at time t on two single photon detectors,
Here, g (2) (τ ) of the CL was measured by a Hanbury Brown-Twiss interferometer as shown in Fig. 1 . Photons detected by the single-photon counting modules (SPCMs) were recorded by a HydraHarp 400 timeinterval analyzer with 256 ps bin sizes. Infrared photons generated by breakdown flash in the SPCMs [16] were attenuated by 750 nm short-pass filters. Detected photon pairs were subsequently used to generate g (2) (τ ) statistics for electron beam currents of 0.2-2.1 nA, while power spectra were collected concurrently to confirm the NV 0 spectrum. Single-photon count rates were 300-10000/s, leading to integration times on the order of an hour and a photon coincidence probability of order 10 −7 per electron.
The g (2) (τ ) of the unfiltered CL-calculated by normalizing the measured photon coincidences to the mean coincidences at τ 0-are plotted in Fig. 2 (a) along with a self-consistent Bayesian regression to a fourparameter exponential decay, as described in the Supplemental Material [17] [18] [19] [20] . The standard deviations for the amplitude and the effective lifetime, τ eff , were less than 5% of their median values. The goodness-of-fit was determined using the mean square error (range: 1.4-6.9) and coefficient of determination (range: 0.88-0.94). Additionally, 1σ, 2σ, and 3σ credibility intervals and median coincident curves were compared to the data to estimate the precision of our model [17] .
Because the statistical distribution of electrons in the beam is Poissonian [21] , bunching asymptotically approaches g (2) (0) − 1 = 0 with increasing beam current. Previous observations of bunching in low-temperature NV 0 CL reached this limit at a current of 0.1 nA [12] . As shown in Figs. 2(a) and 2(d), the measured bunching decreases monotonically with increasing current, but is more than two orders of magnitude greater than bunching previously recorded for these currents at low temperature.
In order to confirm that the bunching was consistent across multiple nanodiamonds, coincident photon counts were measured multiple times to infer the g (2) (τ ) for each electron beam current. The maximum bunching experimentally observed in 66 measurements was g (2) (0) = 49.0 (0.9). The mean fitted lifetime, τ eff , across all experiments was 21.1 (0.9) ns. This is consistent with past reports of NV 0 lifetimes, which range from 12 to 45 ns depending on the local environment [12, 20, [22] [23] [24] .
The CL spectra corresponding to the bunching data shown in Fig. 2(a) are presented in Fig. 2(b) , with the zero-phonon line well-resolved at a wavelength of 575 nm, and the phonon mediated emission spanning a large bandwidth to the red of 575 nm. Notably, for all currents explored, the broadband transition radiation excited by high energy electrons at dielectric interfaces [25] was unobservable compared with the intensity of the NV 0 CL. As a result, the contribution of transition radiation to g (2) (τ ) can be assumed to be negligible. The ratio of the intensity of the phonon mediated emission to that of the zero-phonon line and the near-field coupling to Ag SPPs are the only significant differences between the room-temperature CL reported in Fig. 2 and the previous report of low-temperature photon bunching in diamond CL [12] , but negligible bunching was observed in that report for currents exceeding 0.1 nA.
The effect of plasmonic coupling on the CL secondorder coherence function can be explored by comparing g (2) (τ ) for the nanodiamond-Ag hybrid system to g (2) (τ ) for uncoupled nanodiamonds. The CL spectra acquired at 0.6 nA beam current for both systems are overlaid in Fig. 2(c) . Despite no appreciable difference in the CL lineshape, the CL intensity for the hybrid system was a factor of 16 larger. Because of the reduced CL intensity of the bare nanodiamonds compared with the hybrid structures, a defocused electron beam with a waist of ∼ 10 µm was used to excite ensembles of emitters for this comparison [17] . Figure 2(d) clearly shows that the colossal photon bunching is not a result of plasmon-NV center interactions, as the 16-fold increase in CL intensity is correlated with a roughly three fold reduction in g (2) ( 0) for the four measured electron beam currents. The median lifetimes of the plasmon-diamond composite system and the uncoupled nanodiamonds were 22.2 and 21.3 ns, respectively; thus the enhanced CL intensity in Fig. 2 (c) must be understood as the result of SPP-NV center scattering rather than Purcell enhancement. Each incident electron excites many SPPs in the 100 nm thick Ag plate, each of which can excite one NV center in any of the nanodiamonds distributed across the Ag plate. This plasmon-NV center scattering enhances the total CL intensity without affecting the recombination rate or the CL linewidth, consistent with the measured results. Moreover, the random distribution of nanodiamonds across the Ag nanoplate eliminates any temporal coherence in the SPP-excited NV centers, reducing the measured photon bunching. However, the fabrication of appropriately designed plasmonic nanostructures in which isolated nanodiamonds were coupled to a shared resonant plasmon mode would enable full control over the temporal coherence, and therefore of g (2) (τ ).
The colossal bunching reported here could, in principle, be explained by the superradiance Dicke model [26] [27] [28] , which predicts that the lifetime is inversely proportional to the square of the number of emitters in the driving field. However, no change in lifetime was observed as the electron beam was defocused to encompass three orders of magnitude more emitters in Fig. 2 . Thus, the bunching in Fig. 2 must result from the increased phonon population in room-temperature experiments compared with low-temperature experiments [12] .
Phononic control was explored by separately filtering the CL of the diamond-Ag composite with a 575-nm bandpass filter with bandwidth of 5 nm and a 610-nm long-pass filter for characterization of the bunching associated with the zero-phonon line and the phononmediated CL, respectively. Because of reduced photon counts associated with this spectral filtering, increased electron beam currents of 1.0-2.1 nA were used, although a converged electron beam was used again to address an individual nanodiamond. Figure 3 shows g (2) (τ ) for varying electron beam currents for the 610-nm long-pass filter (LP610), along with g (2) (τ ) for the bandpass filtered CL (BP575) at a current of 1.9 nA. For all currents at which statistically significant coincident counts were measured, no bunching was measured at the zero-phonon line. In contrast, greater bunching was seen for the long-pass filtered CL than for the unfiltered CL at corresponding currents shown in Figs. 2(a) and 2(d) . The NV − color center at 637 nm has never been observed by CL [20] , and does not appear to be present in the spectra shown in Figs. 2(b) and 2(c) , but the use of an additional 665-nm long-pass filter ensures that the coincident counts measured are only those of the phonon-mediated emission. While the 665-nm long-pass filter reduced the singles rate to 600 counts per second, limiting the range of usable currents, the measured photon bunching at a current of 0.9 nA was 11.7 (0.5) compared with the unfiltered CL bunching of 8.3 (0.07) at the same current. The simplest explanation for this spectral distribution of photon bunching lies in the faster recombination times associated with phonon-mediated luminescence [23, 24] . A stochastic model incorporating multiple radiative transitions with faster lifetimes for phonon-mediated decay is therefore critical to explaining the orders-of-magnitude increase in photon bunching compared with previous reports [12] . Here, we use a phenomenological Monte-Carlo model of g (2) (τ ) describing the excitation and decay of NV centers as a function of electron beam current and the lifetimes of multiple phonon-mediated transitions. A full description of the model is provided in the Supplemental Material [12, 17, 20, [29] [30] [31] . The modeled emission time-series data quantitatively reproduce the monotonic decrease of g (2) (0) with respect to electron beam current. More critically, the Monte Carlo model predicts no photon bunching in the zero-phonon line and enhanced bunching in the phonon-mediated CL, as shown in Fig. 3 . The Monte Carlo model was validated by determining the correlation between the synthetic data and the Bayesian fits associated with all g (2) (τ ) data from Fig. 2 . The plot of the modeled g (2) (τ ) against the fitted g (2) (τ ) shown in Fig. 4(a) has a Pearson correlation coefficient of 0.97. A coefficient of determination (0.92) goodnessof-fit test confirmed that a frequentist linear regression produced a reasonable fit. The Monte Carlo simulations also reproduce the observed monotonic decrease in g (2) (0) as a function of electron current as shown in Fig. 4(b) .
The extraordinary variability in the measured g (2) (τ ) across the nanodiamond NV 0 CL spectrum, combined with the nanoscale quasiparticle control of g (2) (τ ), points to the need for continuing research into the quantum and classical properties of CL in electron-beam-driven nanomaterials. The spectrally resolved Monte Carlo simulations presented here provide a mechanistic description of the essential physics in a semiclassical limit. However, the nanoscale control of quantum properties of light like g (2) (τ ) in plasmon-emitter nanocomposites is critical to the development of novel applications in quantum information science, including recent proposals for steadystate, dissipatively driven entanglement [4, 32] . Microscopic quantum models of electron-beam-driven systems will be required to elucidate the precise connection between the quasiparticle control of g (2) (τ ) shown here and schemes based on driven preparation of specific quantum states. Notably, these schemes should enable quantum coherent nanoscale control of materials similar to that previously explored with ultrafast electron sources [33] , but with more conventional continuous wave electron sources.
While a Ag-diamond nanocomposite was used here to enhance photon count rates, substrate nanopatterning to optimize the Purcell factor of the coupled Ag plasmon-NV center system will enable control over dissipative entanglement schemes and proportional scaling of g (2) (0). Purcell factors exceeding 1000 have been achieved for optically driven emitters coupled to gold nanocubes [34] , but no significant Purcell factors have been reported in electron driven systems [35] . Optimizing electron driven photon bunching by near-field coupling to plasmonic and dielectric metamaterials with selected phonon-, plasmon-, and substrate-emitter interactions will ultimately provide a critical tool for integrated nonlinear nanophotonics and quantum information science. 
